In the present study we investigated inter-annual coral disease dynamics, in situ disease progression rates, and disease-associated coral tissue mortality in the Wakatobi Marine National Park (WMNP) situated in the coral triangle in South-East Sulawesi, Indonesia. In 2005, only 2 known syndromes were recorded within the sampling area transect surveys: white syndrome (WS; 0.42% prevalence) and growth anomalies (GA; 0.15% prevalence), whilst 4 diseases were recorded in 2007: WS (0.19%), Porites ulcerative white spot disease (PUWS; 0.08%), GA (0.05%) and black band disease (BBD; 0.02%). Total disease prevalence decreased from 0.57% in 2005 to 0.33% in 2007. In addition to prevalence surveys, in situ progression rates of 4 diseases were investigated in 2007: BBD on Pachyseris foliosa, P. rugosa and Diploastrea heliopora, WS on Acropora clathrata, and brown band (BrB) and skeletal eroding band (SEB) diseases on Acropora pulchra. BrB and WS had the highest progression rates, 1.2 ± 0.36 and 1.1 ± 0.07 cm d -1 , respectively, indicating that diseases may have a significant impact on local Acropora populations. BBD had the lowest progression rate (0.39 ± 0.14 cm d -1 ). WS caused the most severe recorded total tissue mortality: 53 923 cm 2 over a period of 36 d. Sedimentation and coral cover were studied and a highly significant drop in coral cover was observed. This study provides the first documentation of spatio-temporal coral disease dynamics from Indonesia. Despite low total disease prevalence, progression rates comparable to the ones observed in the Caribbean and Australia indicate that diseases may threaten the reef framework in some locations and add to the degradation of coral reefs in a region already at high risk from anthropogenic impacts.
INTRODUCTION
Coral diseases are one of the main factors contributing to the global deterioration of coral reefs (Weil et al. 2006) . Coral diseases may contribute to coral-algal phase-shifts through mortality of key reef-building corals and consequent changes to the reef framework (Nugues 2002) . Coral disease prevalence studies can reveal trends in disease over time as well as predict possible changes to coral communities by identifying the coral taxa most affected by disease ). Rates of disease spread and tissue loss are also important concerns in understanding the impacts of diseases on coral populations (Willis et al. 2004) .
Diseases have been well-studied in the Caribbean, which is considered a 'disease hot spot' due to the fast emergence and high virulence of coral reef diseases/ syndromes, their widespread geographic distribution, wide host range, and frequent epizootic events with significant coral mortalities (Epstein et al. 1998 , Hayes & Goreau 1998 , Green & Bruckner 2000 , Weil et al. 2002a , Weil 2004 ). However, much less is known about coral diseases in the Indo-Pacific region (Weil et al. 2006) .
Examples of disease outbreaks from the Caribbean are numerous. One of the most devastating diseases has been white band disease that was first reported by Gladfelter (1982) . The large-scale die-off of key reefbuilding corals Acropora palmata (now IUCN redlisted) and A. cervicornis has been attributed to the combined impacts of white band disease, white pox (Patterson et al. 2002) and hurricane damage (Woodley 1989 , Hughes 1994 . Another example of a coral disease outbreak in the Caribbean is the rapidly spreading disease white plague II (WPII), which has destroyed 75% of the key Caribbean reef-building coral Dichocoenia stokesi in 7 yr and shifted the population structure in a way which suggests that the remaining D. stokesi population is no longer reproducing (Richardson & Voss 2005) .
Despite the fact that no major disease outbreaks have yet been reported from the Indo-Pacific, an increasing number of coral diseases have now been observed at several locations: Australia (Willis et al. 2004) , the Philippines (Raymundo et al. 2003) , Hawaii (Aeby 2005) , US Pacific remote islands (Vargas-Ángel 2009) and Indonesia (Haapkylä et al. 2007) . Diseases have been monitored on the Great Barrier Reef (GBR) since 1998 revealing a 20-fold increase in white syndrome (WS) between 1998 and 2003 (Willis et al. 2004 ). The overall disease prevalence was 8.97 ± 0.79% in northern Cooktown/Lizard Island and southern Capricorn Bunker sectors of the GBR in 2004 (Willis et al. 2004 ). Raymundo et al. (2005) reported a total disease prevalence of 8.3 ± 1.2% (n = 8 reefs) in the Philippines, and prevalences of Porites ulcerative white spot (PUWS) and growth anomalies (GA) were 53.7 and 39. 1%, respectively, in 2002 1%, respectively, in -2003 1%, respectively, in (Kaczmarsky 2006 . These studies indicate that infectious pathogens may be a common component of Indo-Pacific coral communities, and may play a greater role in structuring these communities than previously thought (Willis et al. 2004) .
Spatio-temporal dynamics of coral diseases are often driven by environmental factors. Anomalously high temperature and other environmental stresses can influence the severity and dynamics of infectious coral diseases by increasing host susceptibility and pathogen virulence (Harvell et al. 2002 , Lafferty & Holt 2003 . The frequency of temperature anomalies, which is predicted to increase in most tropical oceans, can therefore increase the susceptibility of corals to disease, leading to outbreaks where corals are abundant (Bruno et al. 2007) . Other environmental factors that can increase disease susceptibility include sedimentation (Voss & Richardson 2006) , turbidity (Bruckner & Bruckner 1997 ) and nutrients (Bruno et al. 2003) .
Little is known about the impacts of coral diseases within the coral triangle region of SE Asia, which is regarded as a global marine biodiversity hotspot (Roberts et al. 2002) . Wilkinson (2008) reported that coral reefs in Indonesia have continued to show an overall decline in condition since 2004; however, the role of disease in this decline remains poorly understood. Haapkylä et al. (2007) documented the occurrence of coral disease in the Wakatobi Marine National Park (WMNP). In the present study we describe interannual coral disease dynamics and investigate the impact of disease on coral assemblages by recording the in situ progression rates and tissue mortality caused by 4 coral diseases in the WMNP.
MATERIALS AND METHODS
Study site. The WMNP is the second largest marine national park in Indonesia and covers an area of 1.39 million ha. It is situated in the Tukangbesi Island region between the Banda and Flores Seas, South-East Sulawesi (3-6°S, 120°45'-124°06' E) ( Fig. 1 ). Indonesian coral reefs are among the most diverse in the world (Allen 2007) . The WMNP is situated in a global biodiversity hotspot with 396 species of hermatypic scleractinian corals belonging to 68 genera and 15 families (Turak 2003) . 10 species of non-scleractinian or ahermatypic hard coral species and 28 soft coral genera are also found in the park (Pet-Soede & Erdmann 2004) . Coral reef habitats of the WMNP are mostly in a healthy state, but incidences of declining coral cover and reduced reef predators related to increased fishing pressure are cause for concern (McMellor 2007 , Unsworth et al. 2007 ).
Five sites located around the islands of Hoga and Kaledupa were surveyed in 2005 and 2007 ( Fig. 1) . These sites represent a typical Indonesian fringing reef. Sampela is the only site situated close to a local village. The fringing reefs at these sites range in depth from <1 m to approximately 35 m and are situated between 500 m and 1 km offshore. Sampling was conducted between 29 June and 16 September 2005 and between 30 June and 4 September 2007.
Inter-annual study. Surveys were conducted using belt transects (English et al. 1997) covering an area of 4 × 20 m (2 m on each side of the transect line) in both years. Three replicate transects were laid in 3 reef zones: flat (1 to 3 m depth), crest (3 to 7 m depth) and slope (8 to 12 m depth) and each transect was treated as 1 replicate in the analysis. A total of 45 transects were surveyed in both years. Transects followed the depth contour of the reef. The first transect was located randomly to satisfy assumptions about the independence of data for statistical analysis. The additional transects were located at randomly derived distances from the first transect, but always at > 20 m to ensure independence and to detect site-specific trends and variances. Each coral colony within the belt was counted to genus or family levels and recorded as healthy or diseased according to disease survey methods described by Willis et al. (2004) . Prevalence of each disease was calculated by dividing the number of diseased colonies by the total number of coral colonies. Due to the prevalence of disease among different coral taxa, this was believed to be the appropriate method. This method has been previously used in Indo-Pacific disease studies by e.g. Page & Willis (2008) , Raymundo et al. (2005) and Vargas-Ángel (2009). Means and standard errors (SE) were calculated from all 3 transects at each reef zone at each site. Coral cover was estimated by the same observer by using the 0.5 m point intercept transect method in 2005 and the line intercept transect method in 2007 (English et al. 1997) .
Disease identification. A disease is defined as any deviation or alteration from the normal structure or function of any body part or organ manifested by a characteristic set of clinical signs of known or unknown cause (Dorland 1982) . A lesion represents any functional and morphologic change in tissues during disease (Work & Aeby 2006) .
Coral diseases were identified by the presence and characteristics of lesions. Photographs of diseased corals were taken and identified using the Australian Institute of Marine Science (AIMS) coral disease identification cards and photographs compiled by Willis et al. (2004) . Photographs were taken of all disease categories and used as a reference in order to keep identification of the diseases consistent. Lesions that did not correspond to any of the disease categories were classified as 'undescribed' and abnormally pigmented lesions on corals were classified as 'pigmentation responses'. Samples of brown band disease (BrB) and skeletal eroding band (SEB) were collected and examined microscopically to verify the presence of ciliates that characterize these diseases.
Disease progression rates. The progression rates of black band disease BBD, SEB, BrB and WS were investigated by taking photographs at a fixed angle and including a flexible measuring tape. The diseases were studied in 5 different sites: Blue Bowl, Coral Gardens, Pak Kasims, Inner Pinnacle and Hoga (Fig. 1) . The branching Acropora pulchra were investigated on randomly selected branches of separate coral colonies (SEB, n = 15; BrB, n = 4) (see Table 3 ). A cable tie was secured onto the exposed skeleton a short distance behind the disease front to avoid interfering with disease progression. The distance from the cable tie to the nearest live tissue at each observation time was measured from photographs using the software Canvas TM X (System version 10.5.5). The difference between the last and the first measurement was used as a measure of linear disease progression and divided by the number of days between measurements to calculate a daily progression rate. Using the software Canvas TM X (System version 10.5.5), 3 independent measurements extending from a stable reference point on the intersection between healthy and diseased coral tissue/freshly exposed skeleton were recorded for each colony with BBD (foliaceous Pachyseris foliosa, n = 19; hemispherical Diploastrea heliopora, n = 1; laminar Pachyseris rugosa, n = 1) and WS (laminar Acropora clathrata, n = 6) after each observation time (see Table 3 ). The mean rate of disease spread between survey times was determined for each colony by calculating the difference between the respective measurements for each survey date (i.e. subtracting the length of Measurement 1 in the image from July 4 from Measurement 2 on July 10) and averaging the 3 resultant differences. The average measurements from each colony were divided with the number of days between survey dates to calculate an average daily disease progression rate. Finally, the mean rate-of-spread of disease for each affected species between each successive survey period was calculated using the data from all individual colonies within each species. Tissue loss due to coral disease. To determine the tissue loss due to BBD and WS, the surface area of dead coral tissue was measured for each survey date by using the software Canvas TM X (System version 10.5.5). The average tissue losses were calculated as described above for the disease progression. The surface area of the Diploastrea heliopora colony was estimated assuming a hemispherical colony shape:
The single colony of Diploastrea heliopora on which we measured tissue loss had a radius of 50 cm. The surface area of Acropora pulchras impacted by SEB and BrB was calculated by using the formula for cylinder area: A = 2 π (r) × h where A = surface area, r = radius and h = height (i.e. dead coral tissue).
The diameter of Acropora pulchra varies between 7 and 15 mm (Wallace 1978) . We used the mean of the smallest and the largest diameter (7.5 mm) to obtain a range of tissue loss caused by disease.
Environmental parameters. Sedimentation rates were assessed using 4 standard sediment traps (English et al. 1997 ) deployed at each depth within all sites for a 10 d period. Sediment and water were filtered, dried and weighed with rates expressed as mg dry weight (DW) cm -2 d -1 .
Statistical analyses. Three-way permutational ANOVAs (Anderson 2001 , McArdle & Anderson 2001 of disease prevalence, WS and GA prevalence, and coral cover were performed using PERMANOVA (version 1.6). Sedimentation values were log 10 -transformed and a 2-way nested ANOVA was conducted by using MINITAB (version 13.20) . Tukey tests were used for post-hoc multiple comparisons. We used α = 0.05 for all tests. The distributions of coral diseases within each coral taxa in each site in each year were compared using non-metric multi-dimensional scaling (nMDS) based on Bray-Curtis similarity measures. Difference between years, transects and reef zones were tested using ANOSIM, which is a non-parametric permutation procedure. After identification of the transects and years which differed the most (ANOSIM pairwise test output), SIMPER analysis was run on the data matrix. SIMPER decomposes Bray-Curtis dissimilarities between all pairs of samples to identify those species that contribute most to differences (Clarke & Warwick 2001) . All multivariate analyses were conducted using PRIMER (version 6.1.10).
RESULTS
A total of 12 271 colonies were encountered in 2005 and 12 752 colonies in 2007 in an area of 3600 m 2 (45 belt transects of 4 × 20 m). These colonies represented 32 coral taxa. Total disease prevalence dropped significantly from 0.57% in 2005 to 0.33% in 2007 (F 1,60 = 4.84, p < 0.05) (Fig. 2, Table 1 ). In 2005 the most frequent type of lesion was the undescribed category (9.7% of all colonies with lesions that did not correspond to any of the disease categories), while pigmentation responses were most frequent in 2007 (3.42% of all colonies had non-normally pigmented lesions).
In 2005, only 2 known syndromes occurred within the sampling area transects: WS (0.42%) and GA (0.15%) (Haapkylä et al. 2007 ). In 2007, the prevalence of these 2 syndromes was lower: 0.19% for WS and 0.05% for GA. In addition 2 other syndromes were identified in the sampling area transects: PUWS (0.08%) and BBD (0.02%).
There was a significant interaction between reef zone and overall disease prevalence (F 20,60 = 2.35, p < 0.01) (Table 1) (Table 1) .
nMDS overlaying years and sites (Fig. 3) together with ANOSIM showed a significant difference in the distribution of diseases within the coral assemblage between years (R = 0.23, p < 0.001) and zones (R = 0.17, p < 0.001), and a weak significant difference between sites (R = 0.07, p < 0.01). The difference between zones is present at all sites (p < 0.001), whilst the difference (p < 0.05) between sites is only present between Hoga-Coral Gardens, Hoga-Sampela, Coral Gardens-Pak Kasims, and Coral Gardens-Sampela. SIMPER analysis found that the overall dissimilarity between the 2 years was mostly the result of differences in the abundance of disease on massive Porites (5.34% contribution), Montipora (4.97% contribution) and Dendrophyllids (4.68% contribution) ( Table 2) .
In 2005, 13 coral taxa were diseased compared to only 5 taxa in 2007 ( Fig. 4) . Montipora was the most common coral genus in both years and suffered very little from disease. WS was most prevalent on massive Porites in 2005 on Acroporids in 2007. PUWS was observed for the first time in 2007 (Fig. 4) . Diseases were more common on flats and crests in 2005, but no clear link was found between disease prevalence and depth in 2007 (Fig. 5) .
The in situ disease dynamics study of 4 diseases revealed that BrB and WS had the fastest progression rates (1.2 ± 0.36 cm d -1 , n = 4) and (1.1 ± 0.07 cm d -1 , n = 6) respectively (Table 3) . BBD lesions progressed at the slowest rate (0.39 ± 0.14 cm d -1 , n = 21) ( WS caused the greatest total tissue mortality; a total of 53 923 cm 2 over a period of 36 d and BBD the second most severe mortality; a total of 16 783 cm 2 over a period of 38 d.
A highly significant drop in coral cover was observed between years (F 1,60 = 81.48, p < 0.0001), sites (F 8,60 = 6.89, p < 0.0001) and reef zones (F 20,60 = 5.62, p < 0.0001) (Table 1, Fig. 6 ). In 2005, all sites were significantly different except for Pak Kasims and Coral Gardens which had similar coral cover. There were no significant differences between sites in 2007. Blue Bowl, considered a pristine site and studied for the first time in 2007, had by far the highest coral cover (74.7%); it was not included in any of the PERMANOVAs, which included only the 5 sites of the inter-annual study. Amongst these sites, Hoga had the highest coral cover in both years (44.78% in 2005 and 24.46% in 2007) whereas Sampela had the lowest cover in 2005 (12.33%) and Kaledupa the lowest in 2007 (8.8%) (Fig. 6 ). 
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o n a s t r e a F u n g i d a e Sedimentation was significantly different between sites (F 5,38 = 27.00, p < 0.0001) and reef zones (F 12,38 = 2.04, p < 0.05). Blue Bowl (more than 15 mg cm -2 d -1 ) was significantly different from all the other sites except for Sampela (11.5 mg cm -2 d -1 on the slope). All the other sites had a sedimentation rate of less than 5 mg cm -2 d -1 (Fig. 7) .
DISCUSSION
Our study represents the first description of inter-annual coral disease dynamics, disease progression and tissue mortality in Indonesia. Inter-annual variability of diseases was high. There was a significant decrease in disease prevalence from 0.57% in 2005 to 0.33% in 2007. The number of diseased coral taxa decreased from 13 in 2005 to only 5 in 2007. The overall disease prevalence in the WMNP is low and similar to the 0.21% overall prevalence recently found in the remote Pacific islands (Vargas-Ángel 2009 has previously been detected in the Philippines where it had a high prevalence (Raymundo et al. 2003 (Raymundo et al. , 2005 . Of the diseases found in the present study, PUWS, BrB, SEB and WS (which is a collective term for Indo-Pacific white diseases), are found only in the Indo-Pacific (Raymundo et al. 2003 , Willis et al. 2004 , whereas GA and BBD are both found globally (Sutherland et al. 2004 ).
This study reveals for the first time the presence of BrB in Indonesia. SEB was found outside the study area in 2005 (Haapkylä et al. 2007) . BrB and SEB are both characterised by dense aggregations of ciliates on the surface of the coral: SEB harbouring Halofolliculina corallasia (Antonius & Lipscomb 2001) and BrB a ciliate belonging to the class Oligohymenophorea, subclass Scuticociliata (Bourne et al. 2008) . The prevalence of BrB on the GBR is less than 1% and more common on the southern GBR (Willis et al. 2004) . SEB was the most prevalent coral disease on the GBR in 2004 to 2006 accounting for 40 to 60% of disease cases recorded in each year (Page & Willis 2008) . Moreover, it was found affecting 38% of corals in the Red Sea (Winkler et al. 2004) . Another ciliate of the genus Halofolliculina was found from the Caribbean (Cróquer et al. 2006a) , although it appears to be a different species to the one found in the Indo-Pacific (Cróquer et al. 2006b ). Therefore SEB is considered an Indo-Pacific disease and its Caribbean variation is called Caribbean ciliate infection (Rodríguez et al. 2009 ).
Our results show a significantly lower prevalence of WS in 2007 but no significant difference in GA prevalence. In 2007, diseases were less common in shallow reef zones than in 2005. Only one previous study on depth and disease prevalence exists from the Indo-Pacific where Raymundo et al. (2003) found that PUWS prevalence was not depth dependent in the Philippines. In the Caribbean white plague-infected corals were most common between 8 and 18 m depth (Dustan 1977) . A similar depth pattern was found in Venezuela (Cróquer et al. 2003) .
There was a highly significant drop in coral cover at all sites in the WMNP between 2005 and 2007 ( Fig. 3 , Table 1 ). Kaledupa, considered a pristine site in 2005, had the lowest coral cover of all sites (8.8%) whereas Blue Bowl, dominated by foliaceous corals, was studied for the first time in 2007 and had the highest coral cover (74.7%). The overall decrease in coral cover may predominantly be due to anthropogenic exploitation (McMellor 2007 (McMellor , 2008 . Regular monitoring of coral disease could reveal the potential influence of localized coral disease outbreaks on the decline in coral cover.
The major driver of change in the distribution of disease in the coral assemblage between 2005 and 2007 is, according to the SIMPER analysis (Table 2) , the differences in the abundance of diseases on massive Porites (5.34% contribution), Montipora (4.97% contribution) and Dendrophyllids (4.68% contribution). Porites and Montipora are the 2 major coral genera in the area. Massive Porites was the only taxa showing symptoms of 3 syndromes (PUWS, GA and WS). It is a dominant component of Indo-Pacific reefs. Diseases could potentially have larger impacts on massive Porites and the reef structure because of its slow growth rates (around 1 cm yr -1 ) (Pätzold 1984) . In 2007, acroporids represented only 4.6% of the total number of corals but they were found to be the most diseased coral taxa (3% of all acroporids were diseased). Acroporids are subject to a number of coral diseases such as BBD (Page & Willis 2006) (Patterson et al. 2002) diseases in the Caribbean. However, fast growth rates of Acropora may compensate for the mortality. Yap & Gomez (1985) recorded a growth rate of 0.3 to 2.3 cm mo -1 for A. pulchra in the Philippines.
A positive relationship between host density and disease prevalence has been clearly demonstrated in many host -pathogen systems (Anderson & May 1979 , Altizer et al. 2003 , Lafferty 2004 , Rudolf & Antonovics 2005 , and is considered a hallmark of the infectious process (Lafferty & Gerber 2002) . Host density is most often associated with greater rates of horizontal transmission (Getz & Pickering 1983 , Holt & Pickering 1985 Altizer & Augustine 1997) , leading to localized increase in prevalence. In addition, host density can be positively related to the density of disease vectors (Rosenberg & Falkovitz 2004 , Williams & Miller 2005 . High coral cover has been linked to a high prevalence of WS on the Great Barrier Reef of Australia (Bruno et al. 2007) . High cover of Pachyseris foliosa in the Blue Bowl may have facilitated the spread of BBD infections. Sedimentation may also be a driver of coral disease. Voss & Richardson (2006) observed a link between high sedimentation rate and BBD in the Caribbean and proposed that sediments may act as vectors of coral disease. Sedimentation rates of <10 mg cm -2 d -1 are typical for reefs not subject to human disturbance (Rogers 1990) ; the rates obtained in our study were within this range except for the Blue Bowl, a pristine site, where the rate exceeded 15 mg cm -2 d -1 (over 40 mg cm -2 d -1 on the flat). The bowl-like topography of the Blue Bowl and the close proximity of a large sandy reef flat may have enhanced the accumulation of sediments at the site. High sedimentation rate in the Blue Bowl may have contributed to the occurrence of BBD on the slope at this site.
Warmer water temperatures have been linked to higher disease prevalence and progression rates in diseases such as WS (Willis et al. 2004 , Bruno et al. 2007 and BBD (Boyett et al. 2007) . Prevalence, progression rates and tissue mortality due to coral disease may have been higher at the study sites in the warmer wet season when water temperatures exceed 30°C. As a consequence, further studies in the wet season are needed to evaluate seasonal ranges in disease prevalence and dynamics in the WMNP.
Our study of disease progression rates and tissue mortality accentuates the fact that conclusions about impacts of coral disease should not solely be based on the results obtained from transect monitoring. SEB, WS and BBD all had faster progression rates in the WMNP than those reported from the GBR (Table 3 ). In our study, BrB (1.2 ± 0.36 cm d -1 ) had the highest progression rate and WS (1.1 ± 0.07 cm d -1 ) the second highest. The fastest progression rates in the Caribbean were recorded for WPII infections with similar progression rates to BrB on the GBR where the progression rate of BrB was up to 2.1 cm d -1 in the austral summer (Boyett et al. 2007) .
In this study, WS caused more severe total tissue loss (53 923 cm 2 ) than BBD (16 783 cm 2 ). BrB was observed only for 5 d compared to 36 d for WS and 38 d for BBD which resulted in less tissue mortality through time despite its fast progression rate. Coral diseases may have important impact locally in re-structuring reefs by impacting key reef-building corals.
In conclusion, despite a low overall disease prevalence, we documented fast coral disease progression rates and high tissue mortality rates for coral diseases in the WMNP; our research suggests that coral diseases may contribute to the decline of coral cover in this region. Further effort should be dedicated to understanding coral disease dynamics in Indonesia to better inform management and conservation approaches for reef ecosystems in this hotspot of biodiversity. 
